Hepatitis C virus (HCV) has a naturally occurring polymorphism, Q80K, in the nonstructural protein 3 (NS3) gene encoding the viral protease, which has been associated with reduced susceptibility to the direct-acting antiviral inhibitor simeprevir. Q80K is observed predominantly in HCV genotype 1a and seldom in other HCV genotypes; moreover, it has a markedly high prevalence in the United States. Here, we reconstruct the evolutionary history of this polymorphism to investigate why it is so highly localized in prevalence and whether it is stably transmitted between hosts. We found that the majority (96%) of HCV infections carrying Q80K were descended from a single lineage in which a Q80K substitution occurred around the 1940s in the United States, which implies that this polymorphism is likely highly transmissible. Furthermore, we identified 2 other substitutions in NS3 that may interact with Q80K and contribute to its stability. Our results imply that the current distribution and prevalence of Q80K are unlikely to change significantly in the short term.
The polymorphism Q80K in hepatitis C virus (HCV) nonstructural protein 3 (NS3) has been associated with a reduced response to the protease inhibitor simeprevir in combination with pegylated interferon and ribavirin, and routine screening for Q80K in patients infected with HCV genotype 1a is required as part of the Food and Drug Administration's (FDA's) adoption of simeprevir [1] . Consequently, information about the polymorphism's transmissibility and geographic distribution could help inform the future deployment of simeprevir to treat HCV genotype 1a infections worldwide. Surveys of treatment-naive individuals and baseline genotyping for clinical trials have indicated that Q80K is present in a sizeable fraction of untreated HCV genotype 1a infections, ranging from 5% to 47%, depending on geographic region [2] [3] [4] [5] [6] . It is likely, therefore, that the polymorphism did not arise in response to drug pressure and that its presence at baseline in HCV genotype 1a infections must be due to some other factor. It is also unknown whether Q80K arises de novo and/or is transmitted between hosts.
Here, we examined the origin, transmission, and geographic spread of Q80K globally. Using publicly available sequence data, we reconstructed the geographic and temporal origin of this mutation. Using both phylogenetic and association-based methods, epistasis was explored as a possible explanation for Q80K's prevalence and stability. Our results show that Q80K arose early in the HCV genotype 1a epidemic, appears to be transmissible, and is likely to persist in roughly its present distribution in the short term.
MATERIALS AND METHODS

Data Collection and Alignment
On 5 July 2014, we retrieved all HCV sequences in GenBank, using the search query "hepatitis + C + virus [orgn] ," producing 160 071 records. Records that were not annotated with both country and year were removed, leaving 45 449 sequences. Each sequence was aligned pairwise against the HCV genotype 1a reference genome H77 (accession no. NC_004102), using MAFFT v6.850b [7] . The BioPython library [8] was used to strip out insertions relative to H77, and the alignment was clipped to codon positions 9-174 of NS3 (corresponding to nucleotides 3421-919 of H77). Sequences in which at least 50% of this region consisted of gaps or ambiguous nucleotides or where codon 80 was missing or ambiguous were removed, leaving 7594 sequences.
To select only HCV genotype 1a sequences, the relevant region of the 2012 genotype reference alignment from the Los Alamos National Laboratory HCV Database [9] was appended to the NS3 sequences. FastTree (v2.1.7) [10] with a general time-reversible model was used to build an approximate maximum likelihood tree from the nucleotide alignment. We selected the largest clade in this tree that contained all HCV genotype 1a reference sequences and no other reference sequences. Only 2656 sequences within this 1a clade were retained.
We restricted these data to only 1 sequence per person. In the absence of consistent annotation in GenBank, we deduced this information from sequence variation. A maximum likelihood tree was built from the alignment by use of the same methods described above. All clusters of tip nodes in this tree with pairwise distances of <0.04 expected substitutions per site were reduced to a single tip by retaining only the node most distant from the root, and their associated sequences were removed from the alignment. This cutoff was determined from the distribution of pairwise distances in the tree ( Supplementary Figure 1) , which exhibited 3 modes, including one near zero, that we interpreted as representing intrahost variation. It is possible that members of transmission clusters sampled very near to the time of transmission would also have been excluded by this step, resulting in a slightly more conservative data set but not biasing the results. This left 677 sequences.
We added 47 sequences from individuals in the Vancouver Injection Drug Users Study cohort [11] , which had been processed with the same procedure, for a total of 724 sequences. Nearly all of these sequences were sampled during 1996-1997, while the majority of the GenBank sequences were sampled after 2000. Preliminary experiments indicated that these less recently sampled Canadian sequences may have been biasing the results. In particular, phylogeographic analyses of subsampled alignments almost always placed the root of HCV genotype 1a in Canada. Therefore, we constructed 2 different data sets: one including every available sequence, and one including only those sampled since the year 2000. Additionally, because Q80K occurs frequently in genotypes 5 and 6 [6, 12] , we retrieved all NS3 sequences in GenBank of these 2 genotypes (n = 5 and 50, respectively), using GenBank annotation for genotype classification.
Phylogenetic Inference and Ancestral Reconstruction
Using the alignment with codon 80 removed, we again built a maximum likelihood tree. A modified v1.4.0 of the RootToTip utility, originally distributed as part of the Path-O-Gen application within BEAST [13] , was used to root the tree under the molecular clock assumption and to produce a linear regression of root-to-tip distances against sampling times. The chronos function within the R package ape [14] (modified to accept tips at varying dates) was used to fix the tips of the tree to their year of sampling and rescale the internal branches accordingly. Because the penalized likelihood method used by chronos to estimate divergence times does not produce confidence intervals (CIs), we estimated the timing of internal nodes by a linear regression of tree distances against sampling times [15] .
To reconstruct the ancestral sequence at each internal node, we used the MG94 × REV codon substitution model [16] , which combines a general time-reversible model with differing rates for synonymous and nonsynonymous codon substitutions. HyPhy v2.2 [17] was used to jointly optimize model parameters and ancestral states by maximum likelihood. All reported substitutions are relative to the inferred ancestral sequence of HCV genotype 1a (Supplementary Data). In particular, we reconstructed both S174 and A91 in this sequence, as opposed to residues N174 and S91, which are present in the H77 HCV genotype 1a reference sequence. Vallet et al also report these residues in the consensus sequence of a group of HCV genotype 1a-infected individuals [5] .
By using this phylogeny and set of ancestral sequences, it is straightforward to infer which mutations occurred along a branch in the tree by comparing the observed or reconstructed sequences at each end of the branch. We determined the branches where the Q80K substitution arose or reverted, as well as the S174N and A91S/T substitutions that we identified as of potential interest (see the "Site Interactions" subsection). To compare Q80K's evolutionary history with that of other mutations associated with HCV drug resistance, we also determined which branches gave rise to any mutation in a published list [18] . We were only able to investigate 5 of 13 listed positions. At 7 positions, the listed mutations (F43S, A165F/ N/S/T/V, V158I, and I170A/T, Q80R, I132V, and D168A/E/G/ H/N/T/V/Y) were each present in <10 sequences. We could not investigate position 175 because of low coverage in public data.
Site Interactions
The Fisher exact test was used to test the statistical association of each mutation with Q80K in observed sequences. This method is less specific than phylogenetically informed tests for interaction and may produce spurious correlations [19] . However, it is useful for identifying large numbers of potential interactions for further investigation. There were 18 sequences with an amino acid other than K/Q at position 80 (10 had L, 5 had N, 2 had R, and 1 had M), which were not included in this test. Only mutations that occurred in at least 5 Q80Q and 5 Q80K variant sequences were examined.
To incorporate phylogenetic information, we used the methods of Poon et al [19] to search for networks of coevolving amino acids, using a local implementation of the Spidermonkey tool [20] . This tool adjusts for phylogenetic confounding by mapping substitutions to the tree, which are phylogenetically independent observations. Markov chain Monte Carlo methods are used to search the space of Bayesian networks describing relationships among sites. Each site is modeled as a node in the network, with 2 possible states: evolving or static. Given a phylogeny relating the sampled sequences, each branch is treated as a separate observation of the network: a site is evolving if a nonsynonymous substitution happens along that branch at that site; otherwise, the site is static.
For computational tractability, nodes in the network were constrained to be conditionally dependent on a maximum of 2 other nodes. Two replicate Markov chains were run for 10 7 steps each. The first half of the chain was discarded as burn in, and 1000 samples were taken uniformly along the remainder. Convergence was assessed with the Gelman-Rubin diagnostic [21] , as implemented in the coda library for R [22, 23] . The potential scale reduction factor was 1.02 (upper limit of the 95% CI, 1.09), consistent with convergence between the 2 chains.
The locations of identified sites on the NS3 protein were visualized with PyMOL [24] , using PDB entry 4B73 [25] .
Phylogeography
To investigate the geographic history of the Q80K variant, we modeled each sequence's country of origin as a discrete character state, which evolves along the phylogenetic tree [26] . Two different models were considered: a 1-parameter equal rates model, wherein all migration events are equiprobable, and a 2-parameter continent-aware model, in which different rates were assigned to intercontinent and intracontinent migrations. Numerical instability, likely arising from the large size of the phylogeny and limited data (a single state) at each node, prevented fitting more parameter-rich models. Model were fit using the ace function within the ape package for R [14, 23] . The 2 models were compared by a likelihood ratio test.
RESULTS
Single Origin of Q80K Substitution
We investigated the origin and stability of the Q80K polymorphism in 677 HCV genotype 1a NS3 sequences obtained from GenBank and the Vancouver Injection Drug Users Study cohort of injection drug users in Vancouver, Canada [11] . The sequences originated from 13 countries, sampled between 1977 and 2014. A maximum likelihood phylogeny relating these data was partitioned into 2 large clades (Figure 1 ), as reported previously [27, 28] . Root-to-tip regression [15] on the maximum likelihood tree dated the most recent common ancestor of the HCV genotype 1a clade to 1938 (95% CI, 1925-1948), roughly consistent with previous estimates (see Discussion) . When sequences before 2000 were excluded, the most recent common ancestor was dated to 1943 (95% CI, 1920 CI, -1956 ). For these data sets, the nucleotide substitution rates (estimated from slopes of regression) were 1.4 × 10 -3 and 1.6 × 10 -3 substitutions per site per year, respectively. Our analysis indicated that a single Q80K substitution occurred along a branch near to the root of the HCV genotype 1a clade, ancestral to almost all analyzed sequences (206 [96%]) with the Q80K polymorphism (Figure 1 ). This result was robust to the exclusion of pre-2000 sequences. Henceforth, we refer to the entire subtree rooted at this branch as the "Q80K clade." The Q80K clade comprised 342 sequences, including the aforementioned 206 sequences carrying the Q80K polymorphism. A total of 136 sequences carried an amino acid other than K at position 80, owing to 19 reversions at internal nodes, 12 reversions at tips, and 6 substitutions at tips to a different amino acid (3 to N, 1 to L, and 1 to M). The most recent common ancestor of the Q80K clade was estimated to have existed in 1940, by chronos, or in 1955 (95% CI, 1945 CI, -1963 , by root-to-tip regression [15] .
We found no similar phylogenetic history for any other previously defined NS3 resistance mutation. For the 5 resistance . Almost all circulating strains with this polymorphism cluster into a clade descending from a single substitution event near the root of the tree. The phylogenetic tree was constructed from nucleotide sequences using codon positions 9-174 of NS3.
positions covered by at least 10 sequence variants in our data, multiple substitutions were mapped to mostly either terminal or preterminal branches that did not form a distinct cluster (Supplementary Figure 2) .
Epistatic Interactions
By tabulating co-occurring mutations without adjusting for common ancestry, we identified 6 substitutions that were significantly associated with Q80K in observed sequences (Table 1) . Of these, we selected the 2 most significant, A91S/T and S174N, for further investigation. Both of these substitutions were more common in our data than Q80K. Of the 723 sequences with coverage at position 91, 229 (32%) showed either A91S or A91T (147 had S, and 82 had T), and 198 (27%) carried both Q80K and A91S/T. Similarly, 361 of 691 (52%) displayed S174N, and 157 (23%) carried both Q80K and S174N. Of 690 sequences with coverage at both positions, 88 (13%) carried all 3 mutations.
In the phylogenetically corrected Bayesian network (Figure 2) , positions 80 and 91 were associated with a probability of 0.71 and were part of a larger interaction network involving multiple residues. No direct interactions involving position 174 were found, likely because of the low statistical power of the test when few substitutions involving this position occurred in the phylogeny. We note that this network was very sensitive to where mutations were mapped to the tree as a result of uncertainty in phylogenetic reconstruction.
Of the 5 genotype 5 sequences we were able to obtain, 4 carried a K at position 80, of which 3 carried S174N and 1 carried A91S/T. In genotype 6, 17 of 50 sequences (34%) contained Q80K. All 17 of these also carried S174N, but none carried A91S/T.
Reconstruction by maximum likelihood indicated that the A91S/T substitution occurred in several places in the Q80K clade, most notably along a branch ancestral to about half of the sequences (163 [48%]) in the clade ( Figure 3A ). This branch succeeded the root of the Q80K clade by about 3 years. On the other hand, the S174N substitution succeeded Q80K in the phylogeny by only 1 year and defined a clade of 341 sequences (Figure 3B) . We refer to this clade as the "S174N clade." Although the existence of these clades was robust, the exact placement of the branches varied with the addition of more data or the use of different methods. During experimentation, the root of the S174N clade was sometimes placed deeper in the tree than the root of the Q80K clade. Likewise, it was unclear whether the A91S/T clade was the result of 2 mutation events that happened independently (one from A to T, and the other from A to S) or sequentially (from A to T, and then from T to S).
We investigated the possibility that the putative interaction between these sites is related to their proximity on the NS3 protein structure, as was previously postulated to explain the frequent coemergence of resistance mutations at other positions [29, 30] . Residues 80 and 174 lie immediately beside each other, with a mean interatomic distance of 6.6Å (Figure 4) , and are bound by a polar contact. On the other hand, residues 80 and 91 are separated by 23.7Å, with a fold roughly composed of residues 48 to 54 lying between them.
Geographic History of Q80K
We performed a maximum likelihood reconstruction on the geographic location of each ancestral node, using 2 models. Using a likelihood ratio test, we found that the 2-parameter continent-aware model, with parameters for intercontinent and intracontinent transition rates, was supported over the equal-rates model (P < 10
−5
). Under this model, the probabilities that root branches of the Q80K, A91S/T, and S174N clades were located in the United States were >98%, whether or not sequences sampled before 2000 were excluded. However, it is likely that this result is influenced by sampling bias, as the vast majority (229) of the sequences originated in the United States (with Only substitutions significantly associated with Q80K, without accounting for common ancestry, are shown. Odds ratios and P values were obtained with the Fisher exact test.
Abbreviation: CI, confidence interval. Figure 2 . Partial Bayesian graphical network of potential interactions between sites on hepatitis C virus nonstructural protein 3 (NS3). Node labels are amino acid position in NS3, and edge labels are posterior probabilities of interaction between adjoining nodes. Only edges with a posterior probability of ≥95% are shown.
38 from Germany, 25 from Canada, 24 from Italy, and 26 from elsewhere). The estimated intracontinent migration rate was higher than the intercontinent rate (0.6 vs 0.1 migrations/ year). Estimated geographic locations for each internal node, aggregated by continent, are shown in Figure 5 .
DISCUSSION
The Q80K polymorphism has been previously associated with reduced susceptibility to the HCV protease inhibitor simeprevir in combination with pegylated interferon and ribavirin, so baseline Q80K screening prior to initiating treatment is now mandated by the FDA [1] . Although primarily found in subtype 1a, the polymorphism has also been observed in HCV genotypes 5 and 6 [4] . Previous reports of the variant's prevalence within HCV genotype 1a vary by geographic region, from <10% in Sweden [2] up to 47% in the United States [30] . Our identification of a single substitution event ancestral to the vast majority of circulating Q80K lineages and our placement of this event in the 1940s United States helps explain this geographic heterogeneity. The reconstructed ancestral substitution event occurred when the HCV genotype 1a epidemic in the United States was still in its infancy and when travel between countries was infrequent enough to prevent many migration events. This was well before the exponential growth phase of the US HCV genotype 1a subtype epidemic, thought to have started in the 1960s [31] . The global HCV genotype 1a phylogeny we reconstructed for HCV was partitioned into 2 distinct clades, as previously reported [27, 28] . In particular, De Luca et al performed a similar analysis, using a smaller data set combining GenBank records and samples from Italy, and came to similar conclusions regarding the global distribution of Q80K [28] , although they did not infer a single origin of Q80K. We dated the most recent common ancestor of HCV genotype 1a to 1938, roughly consistent with previous estimates of 1900 [32], 1931 [32], (95% CI, 1906 [32], -1957 [33] , and 1954 (95% CI, 1929 CI, -1972 [28] . These studies analyzed different regions of the HCV genome (NS3 [28] , NS5B [33] , and E1 [32] ); in particular, E1 is characterized by a higher rate of evolution than the other 2 [34] . We note that 2 groups [28, 33] used relaxed clock models, in which rates of evolution could change over time, whereas a third group [32] used a more rudimentary strict clock method. Similarly, our methods would have been less robust to variation in clock rates; chronos does not incorporate phylogenetic information when rescaling internal branches, while root-to-tip regression may underestimate the rate of molecular evolution in HCV [34] . Furthermore, our estimate of the nucleotide substitution rate (1.4 × 10 −3 substitutions per base pair per year) is consistent with previous estimates (1.9 × 10 −3 [34] and 0.9 × 10 −3 [35] substitutions per base pair per year). Our analyses based on this phylogeny suggested 2 substitutions, S174N and A91S/T, which may interact with Q80K. Of note, although we focused on the HCV genotype 1a subtype, every subtype 6 NS3 sequence in GenBank possessing the Q80K polymorphism also possessed S174N. The phylogenetic evidence from HCV genotype 1a, as well as the independent confirmation from genotype 6, indicates an interaction between positions 80 and 174 of NS3. A91S/T was not observed in genotype 6 and is more separated from Q80K on the NS3 protein structure, but it was more strongly associated with Q80K by tests both informed and naive of common ancestry. Position 174 was identified as being under positive selection, in the analysis by De Luca et al [28] . However, to our knowledge, our study is the first to report the potential interaction between these substitutions and Q80K. Previous work has identified various substitutions as co-occurring with Q80K in individual patients in the course of drug treatment, primarily at positions 36, 155, and 168 [29, 30, [36] [37] [38] [39] [40] , but we were unable to identify these associations on a global scale. We emphasize that S174N and A91S/T are relative to the inferred ancestral sequence of HCV genotype 1a, which is imputed and not known with certainty. If the true ancestral sequence carried N174 instead of S174, it would imply a different evolutionary history, namely, that a substitution N174S occurred at nearly the same time as Q80K but in a different part of the tree.
The relatively great age of the Q80K polymorphism indicates that it did not arise as a response to drug selection. Its long phylogenetic history is in sharp contrast with those of other known resistance mutations, which are seen only on branches near the tips of the global phylogeny. This makes it clear that Q80K is not a resistance mutation per se, but rather a preexisting polymorphism that (coincidentally) confers reduced drug susceptibility. In that case, there are 2 possible scenarios to explain the large number of circulating Q80K variants: either the polymorphism is not transmissible and has frequently arisen de novo, or it is transmissible and the circulating lineages carrying it all descend from a common ancestor, which acquired the mutation naturally. The heterogeneous geographic distribution of the polymorphism, as well as the phylogenetic evidence presented here, strongly suggest the latter scenario, although no definitive conclusions can be drawn regarding transmissibility in the absence of transmission cohorts. The stability and high prevalence of Q80K in the 1a genotype of HCV suggest at first glance that it may confer a fitness advantage in the absence of treatment, perhaps due to escape from cellular immune pressure. However, if that were the case, it would almost certainly have arisen more frequently, given the high mutation rate of the virus (10 −4 -10 −3 substitutions per base pair per year [34, 35, 41] ) and the inferred age of the epidemic [33, 41, 42] . In light of this, it is more plausible that the Q80K polymorphism was established as the result of a more rare event-≥2 contemporaneous substitutions that interacted to compensate for any loss of fitness incurred from either substitution alone. However, we do not rule Figure 5 . Inferred geographic locations of ancestral branches on global hepatitis C virus genotype 1a phylogeny, grouped by continent. The earliest branch along which a Q80K substitution in nonstructural protein 3 (NS3) occurred is indicated by a circle; this branch is ancestral to the majority of circulating Q80K strains. Similar ancestral branches for the A91S/T and S174N polymorphisms are indicated by a square and triangle, respectively. Phylogenetic tree was constructed from nucleotide sequences, using codon positions 9-174 of NS3.
out the possibility that Q80K initially arose as an escape mutation from an immune phenotype that was simply uncommon in the general population.
In conclusion, Q80K is a highly stable and, likely, a transmissible polymorphism that persists in a large fraction of HCV genotype 1a infections in the United States. However, given that the stability depends on epistatic interactions and that the HCV epidemic is no longer growing exponentially, it is unlikely that the mutation will arise de novo in another population or geographic area. In effect, the phylogenetic evidence suggests that the current prevalence and distribution of Q80K is unlikely to undergo a significant change in the future.
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